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HIGHLIGHTS

e We visualize the interaction between
PM2.5 and cells without labeling agents.

e We demonstrate that ODT enables
tracking of intracellular PM2.5 in real-
time.

e We propose a method of providing
quantitative information on the cellular
uptake of PM2.5 over time.

e We show that ODT can visualize the
differences in the behavior of macro-
phages and epithelial cells to PM2.5.
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ABSTRACT

Particulate matter < 2.5 um (PM2.5) poses health risks related to various diseases and infections. However, the
interactions between PM2.5 and cells such as uptake and cell responses have not been fully investigated despite
advances in bioimaging techniques, because the heterogeneous morphology and composition of PM2.5 make it
challenging to employ labeling techniques, such as fluorescence. In this work, we visualized the interaction
between PM2.5 and cells using optical diffraction tomography (ODT), which provides quantitative phase images
by refractive index distribution. Through ODT analysis, the interactions of PM2.5 with macrophages and
epithelial cells, such as intracellular dynamics, uptake, and cellular behavior, were successfully visualized
without labeling techniques. ODT analysis clearly shows the behavior of phagocytic macrophages and
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nonphagocytic epithelial cells for PM2.5. Moreover, ODT analysis could quantitatively compare the accumula-
tion of PM2.5 inside the cells. PM2.5 uptake by macrophages increased substantially over time, but uptake by
epithelial cells increased only marginally. Our findings indicate that ODT analysis is a promising alternative
approach to visually and quantitatively understanding the interaction of PM2.5 with cells. Therefore, we expect
ODT analysis to be employed to investigate the interactions of materials and cells that are difficult to label.

1. Introduction

Particulate matter (PM) is defined as inhalable particles consisting of
a mixture of liquid droplets and solid particles, including black carbon,
metals, ammonia, nitrates, sulfates, and water [13,18,27,29,52]. In
particular, PM2.5, particles with an aerodynamic diameter less than 2.5
um, can induce cardiovascular diseases, cancer, asthma, and chronic
obstructive pulmonary disease [3,38,48,50]. Numerous toxicological
studies of PM2.5 have focused predominantly on toxic effects such as
mortality, inflammatory response, and oxidative stress [14,35,49,53].
Understanding the interaction between PM2.5 and cells, including up-
take, accumulation, and cell responses, are important to predict the
potential risks of PM2.5 [12,23,40]. However, studies on the in-
teractions between PM2.5 and cells are limited. Generally, labeling
techniques, such as fluorescence or radioisotopes, were employed to
investigate the interaction between particles and cells [45]. However,
PM2.5 has a broad size distribution, heterogeneous morphology, and
complex compositions, disturbing the employment of labeling agents.
Therefore, developing a novel analytical method is necessary to inves-
tigate the interaction between PM2.5 and cells.

In several studies, fluorescence-labeled polystyrene (PS) beads were
employed to evaluate biodistribution instead of PM2.5 [26,42]. How-
ever, morphological and physicochemical characteristics affect the
biological fate of particles, such as uptake, biodistribution, clearance,
and toxicity [23,30,5]. Since PS beads are homogeneous in size and
shape, the interactions of PS beads with biological systems may differ
from those of PM2.5. Thus, PM2.5 should be used in studies of their
biological fate. Transmission electron microscopy (TEM) has been
generally employed to observe PM2.5 absorbed by cells [15,31]. How-
ever, TEM provides only two-dimensional (2D) images and requires
extreme vacuum, a high-intensity electron beam, and pretreatment for
fixation, indicating that TEM is inappropriate for observing the inter-
action between PM2.5 and cells. Recently, scanning electron-assisted
dielectric microscopy (SE-ADM) was introduced to overcome the limi-
tation of TEM analysis for the interaction of PM2.5 and cells [32].
SE-ADM allows nanoscale observation of PM2.5 incorporated into living
mammalian cells in aqueous solution without pretreatment for fixation.
However, since SE-ADM also provides 2D images, further analysis using
confocal Raman microscopy, which includes a fixation process, is
required to confirm whether PM2.5 is located inside the cell. To over-
come the limitations of analyzing the interaction of PM2.5 with cells, we
employed optical diffraction tomography (ODT) for three-dimensional
label-free visualization of the interaction between PM2.5 and cells.

ODT is an interferometric technique for capturing three-dimensional
(3D) data using the refractive index (RI) distribution of a sample [41].
ODT provides a label-free analysis based on RI, which is an intrinsic
optical parameter of materials. This indicates that the ODT can visualize
PM2.5 and cells without labeling agents or pretreatment. ODT can
visualize intracellular components through 3D reconstruction by
measuring the 3D RI. Recently, ODT has been employed for the real time
imaging of biological samples, such as red blood cells, hepatocytes, and
bacteria [10,20,24]. Moreover, ODT can be used for 3D visualization
and quantitative analysis of lipid droplet accumulation, the uptake of
gold nanoparticles by cells, and biodegradable polymer production in
individual live bacterial cells [19,33,9]. This implies that ODT tech-
nology can analyze interactions with live cells in real time. Thus, we
employed ODT to investigate the interaction between PM2.5 and cells
without labeling techniques.

This study visualized the interaction of PM2.5 with macrophages and
epithelial cells using ODT-based holotomography microscopy (HTM).
Macrophages engulf exogenous substances such as PM2.5, and epithelial
cells are involved in physical barriers and innate immune responses
[51]. This indicates that phagocytic macrophages and nonphagocytic
epithelial cells will have different interactions with PM2.5. To date,
most studies have mainly suggested the toxic effects of the response of
cells to PM2.5, such as dose-dependent cytotoxicity or expression of
transcription factors. Moreover, bioimaging of cells exposed to PM2.5
has focused on immunofluorescent staining for biomarkers. We used
ODT to visualize the interaction of PM2.5 with phagocytic macrophages
and nonphagocytic epithelial cells for the first time. Since the PM2.5 and
cells were distinguishable by RI distribution, ODT was definitely appli-
cable for visualization. The movement of PM2.5 in the cell was observed
by reconstructing the image in 3D based on the RI distribution, and the
uptake pattern according to the cell type was also confirmed. Through
visualization of the interaction of PM2.5 with macrophages and
epithelial cells, we show that ODT can be utilized for intracellular
tracking and cellular behavior studies of substances that are difficult to
label, such as PM2.5.

2. Experimental section
2.1. Materials

Particulate matter < 10 pm (PM10) reference materials (i.e., Euro-
pean reference materials CZ-100) were purchased from Sigma—Aldrich
(St. Louis, MO, USA). Ethyl alcohol (anhydrous, 99.9 %) was purchased
from SAMCHUN Chemicals (Seoul, Korea).

2.2. Separation of PM2.5

PM2.5-like particles were prepared from PM10 using a modified
sedimentation-based separation method [6]. Five hundred milligrams of
PM10 was prepared in ethyl alcohol at 1 mg/mL with sonication (DH.
WUC. AO3H, DAIHAN Scientific, Daegu, KOREA) for 15 min, and the
sonication-treated PM10 solution was sedimented for 30 min at room
temperature. After 30 min, 50 mL of the supernatant was collected, and
the solvent and PM were separated using a centrifuge at 3220g for 5 min
(centrifuge 5810, Eppendorf, Hamburg, Germany). After removing the
solvent, the pellet was collected in a glass vial using 2 mL of ethyl
alcohol and dried in a vacuum oven at 80 °C. By repeating this process
ten times, the supernatant and sediments were collected. The PM
collected from the supernatant corresponded to PM2.5-like particles,
and the precipitate corresponded to PM10-like particles. Moreover, the
size distribution of the PM2.5 samples was evaluated by particle analysis
using ImageJ software [1,2,37]. First, the PM2.5 image obtained from
an optical microscope was converted into a binary image by adjusting
the threshold. This method distinguishes the particles from the back-
ground. Second, the area of the adjusted image was analyzed using the
analytical particle function of ImageJ. In this process, the calculation
range was set up at least an area of 1 pmz to distinguish it from PM.
Finally, the average diameter of the PM2.5 particles was determined
using the calculated area values. Since PM2.5 particles have an irregular
shape, we calculated the diameter of the sphere and square from the area
data and obtained the average value of these values. This method is
time-efficient and appropriate for the analysis of numerous particles.
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2.3. Compositional analysis of PM2.5

Compositional analysis of the separated PM2.5 was employed to
identify elements, water-soluble inorganic ions, and organic com-
pounds. Elemental analysis was performed by scanning electron
microscopy-energy-dispersive X-ray spectroscopy (SEM-EDX) and X-ray
fluorescence spectrometry (XRF). First, PM2.5 was prepared on a silicon
wafer and coated with osmium (HPC—1SW, Vacuum Device Inc., Mito,
Japan) for SEM image collection. The SEM images were collected by a
field emission SEM instrument (Magellan400, FEI Company, Hillsboro,
OR, USA) with an acceleration voltage of 10 kV. Elemental analysis of
the samples was performed by mapping analysis using an EDX detector.
The separated PM samples were further measured using ICP—MS (Agi-
lent ICP—MS 7700 S, Agilent, Santa Clara, CA, USA). Finally, XRF
(PHILIPS PW2404, Amsterdam, Netherlands) was employed to identify
the elements in the samples. Water—soluble inorganic ions were
analyzed by ion chromatography (IC, 881 Compact IC pro, 844 UV/VIS
Compact IC, Metrohm, Herisau, Switzerland) and inductively coupled
plasma optical emission spectrometry (ICP-OES, OPTIMA 7300 DV,
Perkin-Elmer, Waltham, MA, USA). PM2.5 (200 mg) was extracted in 20
mL distilled water (DW) for three days. The solutions were filtered
through 0.45 pm PTFE syringe filters and analyzed using IC and ICP-
OES. Anions and ammonium ions (NH4) were measured by IC, and
cations excluding NHJ were measured by ICP-OES. The organic com-
pounds in the PM2.5 were analyzed using gas chromatography-mass
spectrometry (GC-MS).

The GC-MS system consisted of a gas chromatograph (Agilent
Technologies 7890A-GC, Agilent, Santa Clara, CA, USA) and a time-of-
flight mass spectrometer (LECO PEGASUS BT-MS, St. Joseph, MI,
USA). The samples were added to nine volumes (w/v) of methanol and
extracted using an ultra-sonicator (Sonics & Materials Inc., Newtown,
CT, USA). The samples were centrifuged at 3000g for 5 min, and the
supernatants were analyzed using GC-MS.

2.4. 3D morphology analysis of PM2.5

To determine the 3D morphology, ODT images of PM2.5 particles in
distilled water (DW) were analyzed using HTM (3D Cell Explorer-fluo,
Nanolive, Lausanne, Switzerland). HTM has 200 nm of lateral resolu-
tion and 400 nm of axial resolution. Moreover, the illumination source
of HTM was based on the Class I laser low power (A = 520 nm, sample
exposure 0.2 mW,/mm?). The microscope objective used the dry objec-
tive lens with 60x magnification, and a numerical aperture was 0.8. The
holograms were recorded with an image sensor (CMOS camera, Sony,
IMX174, Tokyo, Japan). The ODT analysis consisted of stacked holo-
gram image capturing and volume rendering. First, hologram images of
PM2.5 were obtained by HTM, respectively. Then, 3D visualization of
the stacked hologram images was performed through the volume
rendering process.

2.5. Volume rendering

In this work, we performed volume rendering utilizing the medical
imaging interaction toolkit (MITK) [47]. After identifying the volume
intensity through the two-dimensional RI map, RGBA control points
were set based on the intensity. Visualization was performed by
assigning appropriate color and transparency values with the
one-dimensional transfer function. The outside of the volume was made
relatively transparent by lowering the alpha value, and the inside of the
volume was given lower relative transparency by increasing the alpha
value, so that both the inside and outside of the volume could be
observed from any angle.

2.6. Cell culture

The mouse lung epithelial cell line MLE-12 was cultured in
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Dulbecco’s medium Ham’s F12 (50:50 mix containing L-glutamine)
supplemented with 2 % (v/v) fetal bovine serum, antibiotic-antimycotic
solution (Gibco, 15240096), ITS liquid media supplement (Sigma,
13146), 10 nM hydrocortisone, 10 nM p-estradiol, and 10 mM HEPES.
For the differentiation of bone marrow-derived macrophages (BMDMs),
femurs were removed from C57/BL6 mice, and the bone marrow was
flushed with RPMI medium. Cells were cultured in RPMI medium con-
taining 25 % (v/v) conditioned medium of L929 cells cultured for 7 days
at 37 °C in a 5 % CO;, atmosphere. BMDM-conditioned medium was
replaced every 3 days.

2.7. ODT analysis of the interaction between PM2.5 and cells

BMDMs and MLE-12 cells (1 x10° cells) were subcultured in tissue
culture dishes (FluoroDish) for ODT analysis. We employed a concen-
tration of PM2.5 with a low toxicological effect by referred our previous
study [34]. In an analysis of tracking, we required a relatively low
concentration of PM2.5 to observe their movement inside the cells
without toxicological effects. Thus, we used 10 pg/cm? of PM2.5 to
evaluate the tracking inside the cells. PM2.5 (10 pg/cmz) in
phosphate-buffered saline (PBS) was added to BMDMs in RPMI medium
and MLE-12 in DMEM, and movement of intracellular PM2.5 was
measured at 10-minute intervals using HTM. On the other hand, we
were required to observe the more active interaction between PM2.5
and cells in analyzing the cell responses. Thus, we increased the PM2.5
concentration to 25 pg/cm? and compared the interaction of macro-
phages and epithelial cells to PM2.5. PM2.5 (25 pg/cm?) in PBS was
added to BMDM and MLE-12, respectively, and ODT images were
measured at 1-hour intervals for 3 h. Furthermore, after 6 h, both types
of PM2.5-treated cells (n = 30) were measured by HTM, and the number
of voxels corresponding to PM2.5 (i.e., RI >1.3750) was analyzed by
MITK for quantitative comparison.

3. Results and discussion

3.1. Principles of ODT-based visualization of the interaction between
PM2.5 and cells

We visualized PM2.5 and two types of cells (i.e., macrophages and
epithelial cells) to validate the usefulness of the ODT-based analysis.
BMDMs were employed as a model for investigating the function of
macrophages, and the MLE-12 cell line was used as a model for epithelial
cells. PM2.5 was prepared by separating from PM10 reference material
by the sedimentation-based method, and the average diameter was 2.26
=+ 1.31 pm (Fig. Sla). This was similar in size distribution and average
diameter (2.42 + 1.54 um) to PM2.5 collected by a cascade impactor, a
traditional method for separating by aerodynamic diameter (Fig. S1b).
Thus, we employed PM2.5 as a particle model, MLE-12 cells as an
epithelial cells model, and BMDM as a macrophage model to investigate
the interaction between PM2.5 and cells. Fig. 1a shows a schematic
illustration of ODT-based 3D label-free visualization using PM2.5 and
epithelial cells. First, PM2.5-treated cells were prepared in fluoro-dishes
and subjected to sequential angle scanning with HTM. The HTM has a
200 nm lateral resolution and 400 nm axial resolution. Thus, HTM can
offer a unique solution for live cell imaging and analysis that enables
long-term monitoring of cell morphology and organelles. We analyzed
the RI distribution of holograms to establish the RI range for 3D visu-
alization and reconstructed it into 3D images using the MITK [46]. The
RI value measured by HTM is relative, meaning it is the difference be-
tween the RI of the mounting medium and the RI of the object. The
3D-RI distribution showed the RI range from 1.2637 to 1.4985 with
color (middle of Fig. 1a); however, this RI range includes all RI values,
including PM2.5, cells, and cell medium. In particular, RI values below
1.3400 usually correspond to the background range, including the cell
growth medium and opaque region of PM2.5. Thus, in this study, we set
up the RI range from 1.3400 to 1.5000 for 3D visualization by volume
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Fig. 1. (a) Schematic illustration of the optical diffraction tomography (ODT)-based analysis for PM2.5 and cells. PM2.5 can interact with epithelial cells and
macrophages in the alveolar (Left). HTM is employed to visualize the interaction between PM2.5 and cells. A sample in the dish is illuminated by sequential angle
scanning. Holograms are recorded at individual angles. Refractive index (RI) distribution is analyzed in 3D planes, including x-y, y-z, and x-z. Based on the RI
distribution, a 3D volume-rendered image is obtained using the medical imaging interaction toolkit (MITK) for more detailed visualization. (b) Multi-angle 3D

visualization of PM2.5-treated macrophages.

rendering. Volume rendering is a technique of visualizing
three-dimensional volume data on a two-dimensional plane. This pro-
jection procedure is called Ray Casting, where one ray from each pixel of
the image is cast to the volume data (Fig. S2). When the ray hits the
surface of the volume, it penetrates through the volume to the end
without stopping, so that the volume is sampled by the ray and is shaded
according to the illumination model. After all sampling points are
shaded, they are composited along the ray to produce a final color (RGB
value) of the pixel currently being processed. The voxels in the volume
data are classified according to its property — in our case RI value. The
classification is done by applying a transfer function, which maps the
range of RI values with RGB and Alpha (opacity) values. It indicates that
ODT can visualize particles and cells separately through the color
assignment and opacity adjustment. For example, we can make the RI
values associated with the cell semitransparent, while the RI values of
the particles opaque. In this way, we can observe the particles within the
cell (See Fig. S6). Therefore, we were able to investigate interactions
between PM2.5 and cells, such as uptake and cellular response, using 3D

visualization by volume rendering.

In the analysis of ODT, we could obtain the 3D image for PM2.5 and
cells, indicating that ODT enables stereoscopic characterization through
various angle adjustments. The 3D volume-rendered images (Movies
S1-S3) show approximately realistic morphologies of the PM2.5,
macrophage, and PM2.5-treated macrophage in various angles. Partic-
ularly, Fig. 1b shows multi-angle 3D images of live macrophages after
1 h of PM2.5 exposure, which was obtained by volume rendering with
color stating and opacity adjustment. This multi-angle analysis indicates
that the ODT analysis can discriminate whether the location of PM2.5
was extracellular or intracellular. In Fig. 1b, the red color with a rela-
tively high RI range indicated PM2.5 and the 3D image with an angle of
90° shows that PM2.5 was located inside the macrophage. This intra-
cellular PM2.5 can be interpreted as a result of the phagocytic behavior
of the macrophages, implying that simultaneously PM2.5 can directly
affect macrophages. In general, studies on particle-cell interactions can
contribute to the progress of the biomedical fields by increasing the
understanding of the fate of particles and toxicological mechanisms [12,
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4]. It implies that the 3D visualization can give informative evidence to
interpret the particle-cell interaction. Kallepitis et al., also suggested the
importance of 3D imaging for understanding cell-materials interaction
using a confocal Raman spectroscopy [17]. Therefore, in this study, we
employed ODT as an analytical tool for 3D visualization of the interac-
tion between PM2.5 and cells and compared differences in response to
PM2.5 of macrophages and epithelial cells through 3D visualization by
volume rendering.

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2023.131678.

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2023.131678.

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2023.131678.

3.2. Evaluation of morphological characteristics of PM2.5 using ODT

Morphological characterization of PM2.5, including shape and RI
distribution, is important in the 3D visualization of the interaction be-
tween PM2.5 and cells using ODT. These morphological characteristics
could be employed as criteria to distinguish PM2.5 and cells in the 3D
visualization. To analyze the morphological characteristics, we
measured PM2.5 using HTM and analyzed the RI distribution by MITK.
HTM is based on a Mach—Zehnder interferometer that provides quan-
titative phase images from multiple holograms with various illumination
angles. It allows the measurement of the 3D RI distribution of objects,
such as living cells and tissues, resulting in 3D visualization. In this
study, we first employed HTM to evaluate the complex 3D morphology
and RI distribution of PM2.5. PM2.5 was prepared in DW to obtain a 3D
holotomographic image. Fig. 2a shows the 3D holotomographic image
of PM2.5 measured by HTM and digitally rendered by STEVE software.
The color code corresponds to the average value of RI, the morphology
of PM2.5 was irregular, and various RI values were shown. To obtain a
more detailed 3D morphology, the RI distribution was analyzed using
MITK and reconstructed as a 3D image of PM2.5 (Fig. 2b). Moreover,
Fig. 2¢ shows that the 3D morphology of PM2.5 measured by HTM can
be visualized from various angles. It indicates that we can visually
implement the morphology of PM2.5 closer to the actual shape using
HTM. Generally, PM2.5 morphology can be evaluated using SEM or
atomic force microscopy (AFM) [39]. However, because the electron
beam and probe have limitations in analyzing the interior of the sample,
SEM and AFM could only determine the exterior shape of the PM2.5. In
contrast, HTM allows 3D morphology analysis of PM2.5 because HTM
employed RI as an imaging contrast, indicating that the HTM can also be
used as a 3D morphological characterization tool. Fig. 2d shows 3D
images and RI distributions of various PM2.5 particles. RI distribution
was analyzed from 1.3400, considering the RI of the background (i.e., RI
of mounting medium). Most RI distributions of PM2.5 were observed in
the range over 1.3750 and differed in each PM2.5, respectively. It im-
plies that each PM2.5 had a heterogenous morphology and composition.
To validate this heterogeneity, we analyzed the compositions of PM2.5.
As a result of composition analysis, PM2.5 was composed of composite
materials, including inorganic elements such as O, Si, Ca, AL S, K, Mg,
Na, Fe, Cl, N, Cu, and Zn, most of the elements were present as com-
pounds such as oxides and sulfides (Fig. S3). Moreover, GC-MS analysis
showed that PM2.5 also contained various organic compounds such as
polycyclic aromatic hydrocarbons (PAH), UV stabilizers, and plastic
additives (Data was not shown). In the quantitative analysis, we vali-
dated that PM2.5 was composed of inorganic elements over 90 % (mass
balance) and contained about 6 % water-soluble ions (Fig. S4). These
suggested that PM2.5 was composed of complex components, indicating
that the RI distribution could differ for each PM2.5 particle. PM2.5
compositions can depend on the region or seasons and affect morpho-
logical characteristics or RI distribution [16]. Therefore, understanding
the accurate characterization of PM2.5 is essential for employing ODT
analysis. Based on the characterization of PM2.5, we referred to the
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morphological characteristics (i.e., irregular shape and RI distribution)
as criteria to discriminate the PM2.5 and cells in the 3D visualization by
volume rendering.

3.3. Three-dimensional label-free visualization of PM2.5 and cells using
the difference in refractive index

Determination of the RI range in ODT is important for visualizing the
interaction between PM2.5 and cells. We compared the differences in RI
distribution from the volume data of the PM2.5, cells, and PM2.5-treated
cells, respectively (n = 9). Figs. 3a and 3b show the relative frequency of
RI values of the PM2.5, the cells (i.e., epithelial cells and macrophages),
and PM2.5-treated cells, respectively. While both epithelial cells and
macrophages were observed in the RI range lower than 1.3750, RI
values of PM2.5 and PM2.5-treated cells were observed higher than
1.3750. Therefore, we distinguished and visualized cells and PM2.5
based on 1.3750. Kim et al. also visualized the accumulation of gold
nanoparticles in living cells using ODT, and they distinguished between
gold nanoparticles and cells based on the RI value of 1.3750 [19]. Fig. 3¢
shows a 3D image of MLE-12 cells, which were lung epithelial cells, and
the morphology of epithelial cells could be visualized in the RI range of
1.3400-1.3750. Fig. 3d shows images of epithelial cells 6 h after PM2.5
treatment. In Fig. 3d, PM2.5 particles were observed around the
epithelial cells, and their RI range was generally higher than 1.3750.
Figs. 3e and 3f show 3D images of macrophages and PM2.5-treated
macrophages. As with epithelial cells, macrophages could be visual-
ized at RI values under 1.3750, whereas a relatively higher range of
(>1.3750) RI was observed in PM2.5-treated macrophages. RI distri-
bution of PM2.5 was broader than cells, and particularly relatively
higher RI values (> 1.3750) were measured. It could be attributed to the
complex composition of PM2.5, including inorganic elements, ions, and
organic compounds (Figs. S2 and S3). These substances generally have
higher RI values than cells and organelles (e.g., nucleus and cytoplasm)
(Table S1). It implies that the PM2.5 and cells could be separately
visualized based on designating a specific RI range.

Interestingly, Fig. 3f shows that PM2.5 was mainly internalized by
macrophages through phagocytic behavior. One advantage of ODT-
based visualization is that a method to visualize PM2.5 distributed in-
side the cell using the transfer function. The transfer function converts
the RI values of voxels into color and transparency according to char-
acteristics such as intensity or gradient, which can be effectively visu-
alized for PM2.5 inside the cells. Fig. S5 shows the transfer function used
for our visualization, and Fig. S6 shows the visualization process using
the transfer function. Fig. S6a is the result of rendering only the range of
1.3400-1.3750, which corresponded only to the RI region of the cell and
showed only the appearance of the cell. Fig. S6b attempted to analyze
PM2.5 by assigning a color to the range of 1.3750 or higher, but only
PM2.5 existing outside the cell could be identified. Fig. S6c¢ is an image
where the RI distribution was specifically divided and the transparency
adjusted, indicating that the ODT analysis with the transfer function can
effectively visualize intracellular PM2.5. Thus, Fig. 3d presents that
many PM2.5 particles were located inside the macrophages along the
nucleus boundary (red dash box in Fig. 3f). It could be interpreted that
PM2.5 was located in the phagosome through the phagocytic behavior
of macrophages [8]. Therefore, this study shows that the interaction
between PM2.5 and cells can effectively be visualized by ODT analysis.

3.4. Label-free tracking of intracellular PM2.5 using ODT

To date, we evaluated the morphological characteristics of PM2.5
and cells to establish the RI range for 3D visualization. Using an opti-
mized RIrange, we could visualize the movement of intracellular PM2.5.
The HTM can use a chamber capable of maintaining cell growth con-
ditions, including temperature, oxygen concentration, and carbon di-
oxide concentration, enabling the observation of living cells in real time.
Thus, ODT analysis allows real time visualization of the interaction
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Fig. 3. A distinction between cells and PM2.5 in tomographic images. Relative frequencies of refractive index (RI) distribution of PM2.5, epithelial cells, and
macrophages. Comparison of RI distribution; (a) PM2.5, epithelial cells, and PM2.5 treated epithelial cells; (b) PM2.5, macrophages, and PM2.5 treated macrophages.
RI distributions are results from averages for nine tomograms (n = 9). 3-D volume-rendered images of epithelial cells (c), PM2.5 treated epithelial cells (d), mac-
rophages (e), and PM2.5 treated macrophages (f). Dash boxes below were magnified images of insert dash boxes in (a ~ d), respectively. The label "N" corresponds to

the nucleus, and dotted circles indicate the nucleus of the cells.

between PM2.5 and cells, resulting in label-free tracking, and we could
demonstrate the intracellular dynamics of PM2.5 using ODT analysis.
The heterogeneous size and composition of PM2.5 made it challenging
to apply the labeling technology, resulting in limitations for evaluating
uptake and tracking within cells. Thus, we employed the ODT analysis to
investigate the uptake and intracellular tracking of PM2.5. The hetero-
geneous size and composition of PM2.5 made it challenging to apply the
labeling technology, resulting in limitations for evaluating uptake and
tracking within cells. Thus, we employed the ODT analysis to investigate
the uptake and intracellular tracking of PM2.5. We observed epithelial
cells in real time at 10-minute intervals after PM2.5 treatment (Fig. 4a).
The movement of PM2.5 (red arrow, RI >1.3750) inside the epithelial
cells was visualized over time. Moreover, the front view images in
Fig. 4a demonstrate that PM2.5 was located in the cytoplasm of the
epithelial cells. This indicates that ODT analysis is suitable for tracking
PM2.5 inside live cells without labeling techniques. Fig. 4b shows that
PM2.5 was located in the cytoplasm of the macrophages, and a relatively
more enormous amount of PM2.5 was observed inside the macrophages
over time (red arrows in Fig. 4b) than in epithelial cells due to their

phagocytic behavior. In particular, the process of PM2.5 uptake on the
surface of macrophages was observed at 20 min and 30 min after PM2.5
treatment (blue arrows and dotted boxes in Fig. 4b). It was similar to
phagosome formation and showed that macrophages actively interact
with PM2.5 [43,44]. Generally, there were some techniques for 3D
morphological characterization, such as atomic force microscopy or
X-ray-based synchrotron radiation [11,39]. Although these techniques
can provide the 3D morphology and compositional information of
PM2.5, they have limitations in evaluating the interaction of PM with
cells in the real time and native state. In this study, we demonstrated
that ODT could provide the 3D morphological characteristics of PM2.5
and information on their interactions with cells, including uptake and
cell response. Moreover, Fig. 4 shows not only that intracellular
marker-free tracking is possible using ODT but also the difference in cell
responses between epithelial cells and macrophages in terms of inter-
action with PM2.5. Thus, we further analyzed differences in response to
PM2.5 by cell types using ODT.
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3.5. Visualization of the difference in uptake patterns of PM2.5 by
macrophages and epithelial cells

ODT analysis provides visualization of the 3D morphological char-
acterization of PM2.5 and its interactions with cells in real time. In
addition, ODT analysis enables quantitative analysis using voxels, which
represent regular lattice units in 3D space. We compared the phagocytic
behavior of macrophages and the nonphagocytic behavior of epithelial
cells toward PM2.5 using ODT analysis in terms of visualization and
quantification. To investigate the interaction between PM2.5 and the
two types of cells, we observed the PM2.5-treated epithelial cells and
macrophages in real time at 1-hour intervals for three hours. In Fig. 5a,
PM2.5 was mainly observed in the outer part of the epithelial cells.
Moreover, we counted the number of voxels of PM2.5 in epithelial cells
over time for quantitative analysis. In this study, the voxel number in-
dicates the total sum of RI values corresponding to intracellular PM2.5
(>1.3750). The voxel numbers corresponding to the RI of PM2.5 in
epithelial cells (>1.3750) were 724, 1898, 1808, and 1674 over time,
indicating that PM2.5 uptake by epithelial cells was not time-dependent.
It could be interpreted as the feature of epithelial cells acting as a
physical barrier to protect the translocating of PM2.5 to other organs
[51]. On the other hand, Fig. 5b shows that PM2.5 uptake into macro-
phages increased over time. This shows that the interaction of macro-
phages with PM2.5, an exogenous substance, differs from that of

epithelial cells. Macrophages play an essential role in recognizing and
processing PM2.5, reducing risks from exposure to PM2.5 [25]. It im-
plies that the macrophages actively interact with PM2.5, including
phagocytosis. Therefore, we focused more on the interaction between
PM2.5 and macrophages. We furtherly observed how macrophages
responded to PM2.5 exposure (Fig. S7). The macrophages changed
shape or migrated for more PM2.5 uptake over time (colored boxes and
arrows in Fig. S7). Moreover, we observed that the area around the
macrophages after 3 h of PM2.5 treatment was clean than after 1 h
(Fig. S7), indicating the phagocytic behavior of the macrophages. It was
visually validated in the single macrophage level (Fig. S8a) and
compared the number of voxels over time (Fig. S8b). The voxel count
corresponding to RI of PM2.5 (>1.3750) inside macrophages was
increased to levels of 3790, 6267, 9239, and 11,965 over time (Fig. S8b).
To further observe the uptake of PM2.5, we additionally observed
epithelial cells and macrophages until 6 h after PM2.5 treatment. In
epithelial cells, PM2.5 was mainly observed in the cell periphery even
after 6 h (Fig. 5¢). On the other hand, for macrophages, most PM2.5 was
located inside the cell (Fig. 5d). To quantitatively compare the two cell
types, we analyzed the number of voxels corresponding to RI values of
1.3750 or more for PM2.5-treated epithelial cells and macrophages,
respectively (n = 30). Fig. 5e shows that the voxel number of RI corre-
sponding to PM2.5 (> 1.3750) was 11-fold higher in macrophages than
in epithelial cells, and the insert images in Fig. 5e visually exhibit the
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Fig. 5. Difference of PM2.5 uptake by epithelial cells and macrophages. Uptake of PM2.5 in epithelial cells and macrophages by time. 3D volume rendered-images of
PM2.5 treated epithelial cells (a) and macrophages (b) for 3 h (Scale bar: 10 um). 3D volume rendered-images of PM2.5 treated epithelial cells (c) and macrophages
(d) after 6 h. (e) Quantitative analysis of PM2.5 in epithelial cells and macrophages (n = 30). Voxels of PM2.5 corresponded over 1.375 of RI from 3-D volume-

rendered images, respectively.

voxel number difference between both cell types. It implies that the RI
could be used as imaging contrast for 3D visualization and data for
quantitative comparison in ODT analysis; moreover, it suggests that the
ODT can provide visual and quantitative information for understanding
the cell responses to the PM2.5, such as non-phagocytic and phagocytic
behaviors. In general, the cellular uptake of PM2.5 was analyzed by
TEM. A recent study reported the uptake of biochar fine particles by
phagocytic macrophages and non-phagocytic epithelial cells using TEM
[28]. The biochar fine particles were observed inside cells, but TEM
analysis could only provide 2D images with cells in a non-native state.

However, our study distinctively shows the phagocytic behavior of
macrophages and the non-phagocytic behavior of epithelial cells for
PM2.5 in real time, and these differences were additionally supported
through the voxel analysis (Fig. 5). Consequently, we demonstrated that
the macrophages actively interact with PM2.5 by phagocytic behavior,
suggesting that PM2.5 exposure may be more likely to induce macro-
phage damage.

We additionally analyzed the morphological alterations of cells by
PM2.5 using ODT. A recent study suggested that PM2.5 impaired
macrophage functions, exacerbating pneumococcus-induced pulmonary
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pathogenesis, and indirectly provided evidence of macrophage impair-
ment by PM2.5 using fluorescent-labeled latex beads [7]. The ODT
analysis could directly demonstrate the impact of PM2.5 on the
morphological alteration of cells. Fig. S9 shows the morphological
changes of PM2.5-treated epithelial cells and macrophages. Fig. S9a
shows the apoptosis-like behavior of epithelial cells after PM2.5 treat-
ment. The cell morphology was changed over time from a long rod shape
to a spherical shape. The RI distribution was also increased from 1.3500
to 1.4000. This increase in the RI range could result from apoptosis
processes such as cell shrinkage and chromatin condensation. This RI
value increase might be misunderstood with a range of PM2.5 RI. Thus,
the morphological characteristics (i.e., shape and RI range) should be
considered when analyzing the results from 3D visualization. Fig. S9b
shows the cell division process of PM2.5-treated epithelial cells, which
indicates that PM2.5 exposure had a non-significant effect on cell
growth. Fig S9c shows that the PM2.5-treated macrophages were
shortened in cell lengths from 73.2 pm at 14 h to 36.2 ym at 20 h, and
membrane blebbing (red arrow in Fig S9) was formed. We evaluated
macrophage without PM2.5 treatment, and it showed the morphological
changes of hydrogen peroxide (100 pM)-treated macrophage. The
length of the macrophage was decreased from 81.2 ym to 46.9 um, and
membrane blebbing, a feature of apoptosis, was also observed (Fig. S10).
Therefore, Fig. S9c could be interpreted as an apoptotic cell death pro-
cess. These results indicate that ODT analysis can be used for visualizing
the toxicological effects of PM2.5.

This study demonstrated that ODT could evaluate the interaction
between PM2.5 and cells, including 3D morphology analysis, uptake,
intracellular dynamics, and quantitative analysis (Fig. 6). In recent
studies, ODT analysis was mainly employed for the quantitative and
visual analysis of intracellular lipid droplet accumulation to overcome
the limitations of fluorescence labeling of lipid droplets, including
photobleaching and phototoxicity [22,33]. Another study reported the

RI<1375 RI>1375

Rl range

RI>1.375
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label-free visualization and quantification of polyhydroxyalkanoates in
individual bacterial cells using ODT [9]. Moreover, some studies re-
ported a method for intracellular particle analysis using ODT. Kim et al.
visualized the appearance of silica particles in macrophages using ODT
[21]. This implies that by using ODT as an optical tweezer, it is possible
to monitor the responses of cells in real time. Additionally, the
charge-dependent uptake of PS nanoparticles and their effects on the
morphology of alveolar cells were also analyzed using ODT [36]. These
studies show that the application of ODT analysis is expanding. There-
fore, we expect that the ODT will be gradually employed more for
analyzing particle-cell interactions.

4. Conclusion

This study demonstrated that ODT is a RI-based 3D visualization
technique that can analyze the interaction of PM2.5 with cells without
labeling techniques in real time. Macrophages and epithelial cells,
representative cells that can interact with PM2.5, were used, and PM2.5
uptake and cell responses were visually and quantitatively analyzed by
distinguishing the PM2.5 and cells based on RI distribution. We visu-
alized the phagocytic behavior of macrophages and the nonphagocytic
behavior of epithelial cells toward PM2.5 through ODT. This showed
that interaction with PM2.5 can vary depending on the function of the
cell. We also demonstrated that the intracellular dynamics of PM2.5 can
be analyzed through real time analysis. In summary, this study high-
lights the utility of ODT in enabling the real time visualization and
quantitative analysis of PM2.5 interactions with individual living cells.
Visualization using ODT will be helpful not only for studying PM2.5 of
heterogeneous size, shape, and composition but also for studying the
intracellular accumulation and dynamics of other environmentally
relevant particles for which labeling techniques remain limited.
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Environmental implication

PM2.5 exposure can induce various diseases, suggesting that un-
derstanding the interaction of PM2.5 with cells is essential to predict
potential risks. However, the complex composition and morphology of
PM2.5 restrict the application of labeling techniques, disturbing the
investigation of PM2.5’s fate and bioaccumulation. This study demon-
strated different behaviors of macrophages and epithelial cells toward
PM2.5 using optical diffraction tomography (ODT). ODT enables 3D
visualization for the tracking, quantitative analysis, and evaluation of
the biodistribution of intracellular PM2.5. Our results indicate that ODT
can be employed to investigate the intracellular behavior of environ-
mentally relevant materials that are challenging to label.
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